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Heat transfer operations are very common in the process industry to transfer a huge amount of thermal
energy, i.e., heat, from one fluid to another for different purposes. Many fluids are used as heat transfer
fluid (HTF), in which water is the most common HTF due to its high specific heat, availability, and afford-
ability. However, conventional HTFs, including water, have a lower thermal conductivity, which is the
most critical thermophysical property, hence decreased heat transfer efficiency. The addition of solid
particles of highly thermally conductive material, specifically at nano-size, i.e., nanoparticles NPs, result
in nanofluid NF, which has evolved over the last two decades as efficient HTF and have been investigated
in a wide range of applications. Among NPs, graphene (Gr) based materials have shown very high poten-
tial as NF due to the very high thermal conductivity up to 5,000 W/m.K, hence higher thermal conductiv-
ity NF. This work aims to thoroughly discuss the thermophysical properties of Gr-based NFs, including
thermal conductivity, heat capacity, density, and viscosity. The discussion focus on the thermophysical
properties as it is the ultimate determinator of the heat transfer characteristics of the HTF, such as the
convective and the overall heat transfer coefficient as well as the heat transfer capacity of the NF. The dis-
cussion expands to the relative enhancement in such thermophysical properties reaching up to a 40%
increase in thermal conductivity, as the most critical thermophysical property. The discussion shows
that Gr-based NF has a much higher thermal conductivity relative to widely studied metal oxide NF and
at much lower content, and lower density and viscosity increase, which is critical for determining the
pumping power requirements. Critical challenges facing the application of Gr-based NFs such as cost, sta-
bility, increased density and viscosity, and environmental impacts are thoroughly discussed with mitiga-
tion recommendations given.





Heat transfer fluid), mabdulkareem@sharjah.ac.
.
d. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)Introduction
Heat transfer operations are very crucial for different energy con-
version and transport processes, with heat transfer fluids (HTF) as
the energy carrier in different heat exchange processes [1–3]. The
most common HTF is water or steam, being available, cheap, and
compatible with a wide range of materials and processes [4–6]. Other
HTFs are used for specific applications such as ethylene glycol (EG)
and its water mixtures and different oils to expand the operating
temperature range beyond that of water [7,8]. The maincharacteristic of evaluating any HTFs for their function and perfor-
mance is the thermophysical properties, such as thermal conductiv-
ity, heat capacity, density, and viscosity [9]. The improved
thermophysical properties of HTF enable a highly efficient heat trans-
fer process more specifically for waste heat recovery applications as
an evolving industrial energy efficiency effort [4,10–12]. However,
the thermal conductivities of common HTF are low, with water as the
HTF with the highest thermal conductivity of 0.6 W/m.K, which is far
lower compared to that of metals and metal oxides with 17.65 and
39 W/m.K for copper oxide and alumina respectively [13]. Accord-
ingly, it has been proposed to add solid particles of such material to
fluids to enhance the thermal conductivity, with special attention to
particle sizes of nano-scale, i.e., nanoparticles (NPs) typically below
100 nm in size, hence the term nanofluid (NF) [14,15].
Table 1
Thermophysical properties of common base fluids and nanoparticles [13,47,53,55–59].
Thermal conductivity, W/m.K Specific heat, kJ/kg.K Density, kg/m3 Viscosity, 10−3 Pa.S
Objective Increase Increase Decrease Decrease
Common base fluids
Distilled water (DI) 0.607 4.18 998 0.855
Ethylene glycol-water (1:1 vol.) 0.380 3.28 1,073 3.94
Ethylene glycol (EG) 0.255 2.35 1,111 15.5
Silicone oil (SO) 0.156 1.51 930 11
Engine oil (EO) 0.145 1.88 880 84
Common nanoparticles materials
Silver Ag 429 0.234 10,400 -
Copper Cu 398 0.385 8,933 -
Aluminum Al 237 0.877 2,700 -
Magnesia MgO 55 0.955 3,560 -
Alumina Al2O3 36–40 0.775 3,970 -
Copper oxide CuO 32.9 0.525 6,500 -
Titania TiO2 8.4 0.692–0.711 4,000 -
Silica SiO2 1.38 0.680–0.745 2,220 -
Graphene* 6–5,000 0.643–2.100 2,000–2,500 -
⁎ Graphene due to the unique properties have a wide range of reported thermophysical properties, as explained in the text.
2 K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073Nanofluids are formed by simply dispersing NPs of high thermal
conductivity material in a base fluid (BF) as a stable suspension [16–
18]. A wide range of nanostructures, more specifically NPs have been
investigated as additives to a wide range of BFs. This includes metallic
NPs such as those of Silver Ag, Copper Cu, and Gold Ag, given the high
thermal conductivity of such metals. However, the main challenge
was their availability and associated cost [19,20]. Oxides of different
elements such as alumina Al2O3, silica SiO2, titania TiO2, copper oxide
CuO, and zinc oxide ZnO were studied as well, given their relatively
higher thermal conductivity and higher availability, and lower cost
[19,21,22]. However, the improvements in thermophysical properties
were not comparable to that of metallic NPs. Conventional carbona-
ceous materials such as graphite, carbon black, activated carbon were
studied as well, given the relatively higher thermal conductivity of
almost ten times that of water [23–25]. Among carbon-based mate-
rial used for NFs, graphene (Gr) have received an extensive research
effort due to its outstanding thermal conductivity, which is theoreti-
cally in the order of 2,500-5,000 W/m.K, and at least is 6 W/m.K with
high surface area and other outstanding properties [26,27]. Accord-
ingly, Gr-based NFs have been investigated for a wide range of appli-
cations [28–30].
In the current work, the thermophysical properties of Gr-based
NFs are critically discussed, showing the improvements attained for
these specific NFs relative to other NFs and conventional HTFs. The
focus of the discussion is given to the sole improvement effect of pris-
tine Gr, rather than modified-Gr, to demonstrate its direct improve-
ments on the thermophysical properties of the produced NF. The
effect of different parameters such as concentration or loading of Gr
as well as its different forms on the thermophysical properties
improvements is explored and thoroughly discussed. This is very cru-
cial to better understand the characteristic performance of Gr-based
NFs, and helps to better optimize the NF toward the specific applica-
tion, as well as in comparison to other NFs types. The enhancement
of thermophysical properties is generally related to the unique char-
acteristics of Gr material, of extremely high thermal conductivity,
which results in outstanding HTF. Additionally, the challenge encoun-
tered with the commercial or industrial application of Gr-based NFs
both economically and environmentally is discussed with some rec-
ommendations to address such challenges.
Nanofluids: preparation, stability, properties, and applications
Nanofluids, as explained earlier, is formed by dispersing NPs in
base fluids (BFs). The NPs of many materials have been explored forNFs applications; this includes metals such as Aluminum Al, copper
Cu, , gold Au, and silver Ag [31–33]. Oxides such as alumina Al2O3, sil-
ica SiO2, titania TiO2, and zinc oxide ZnO [34–38]. Carbon-based
materials such as graphene (Gr), graphene oxide (GrO), carbon nano-
tube (CNT), and many others [26,30,39,40]. A wide range of BFs have
been investigated with almost all feasible NPs; this includes water as
the most commonly investigated BF, ethylene glycol (EG), silicone oil,
engine oil, and transformer oil [7,41–44]. The thermophysical proper-
ties of the formed NFs primarily depend on the thermophysical prop-
erties of the respective NPs and BF and the interaction among them.
Table 1 shows the different thermophysical properties of common
NPs and BFs. The table shows clearly the relative lower thermal con-
ductivities of common HTF with 0.607, 0.255, and 0.156 W/m.K for
water, EG, and silicone oil, respectively, which will result in poor heat
transfer performance. On the other hand, metals such as silver Ag
and Copper Cu have thermal conductivities of 429 and 389 W/m.K,
respectively. However, these metals are not naturally occurring and
require energy-intensive extraction processes, hence higher cost and
environmental impacts. Metallic and non-metallic oxides are very
abundant, with silica or sand as the most abundant oxide on earth,
have reasonably higher thermal conductivity with about 55 W/m.K
for Magnesia MgO, down to 1.4 W/m.K for silica SiO2. Carbonaceous
materials such as graphite and many others, with thermal conductiv-
ity of about 6 W/m.K, have been widely explored as well due to their
high availability and lower cost and being more green chemicals as
they can be derived from many wastes such as agriculture waste.
Graphene among all carbon-based material has received huge atten-
tion due to its extremely high thermal conductivity up to 5,000 W/m.
K and other shape-driven characteristics of being a single-layer of
carbon atoms, which can impose different structure and surface func-
tionalities on their performance. Additionally, Gr has a higher specific
heat capacity relative to all other material present in the table, along
with lower density, which both are favored characteristics for NF.
The shape and size of NPs have a significant role as well in deter-
mining the thermophysical properties of the result NF as well as the
NF synthesis method [42,45–47]. It can be seen that increasing the
thermal conductivity of NF, while reducing other thermophysical
properties such as specific heat capacity, density, and viscosity is an
ultimate goal. Hence the addition of high thermal conductivity NPs to
the BF results in enhanced thermal conductivity of the result NF. NF
stability is another critical factor that has to be considered, as it
affects the ability of long operation of NFs without aggregation or
clustering of NPs, which might lead to deposition of NPs and hence
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Fig. 1. Factors affecting the properties and performance of nanofluid.
K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073 3Fig. 1 below shows the scheme of NF from preparation, consider-
ing the different factors that affect the properties and performance of
NF. The first step is to choose the specific material to be used, as ear-
lier discussed, a wide range of metals, oxides, and carbon-based
material are available for such application. The selection of the mate-
rial depends mainly on their availability and hence cost, as well as
their thermophysical properties, more importantly, the thermal con-
ductivity, in addition to specific heat capacity, as it contributes to the
heating/cooling capacity of the NF, usually lowering the specific heat
capacity of NF relative to the BF, more specifically for water, being
the fluid with highest specific heat capacity [49–51]. The density is
important as well, which usually increases due to the addition of the
dense NPs, hence increases fluid friction and pumping energy
requirements. In addition to the thermophysical properties of NPs,
other characteristics such as particle shape and size play a crucial
role as well, contributing to the final thermophysical properties of
the NF. NPs preparation methods will have a direct impact on their
characteristics, and more importantly on their stability in the NF,
hence careful consideration should be given to the selection of the
preparation method [48,52]. The thermophysical properties of NF
depend mainly on those of NPs and BF. The thermophysical proper-
ties of BF as the continuous phase and the major component of the
NF has a huge impact, hence the careful selection of the BF is equally
required. The main thermophysical properties such as thermal con-
ductivity, specific heat capacity, density, and viscosity are very
important and have a direct impact on the obtained NF thermophysi-
cal properties. Additionally, other properties such as boiling point,
freezing point, vapor pressure, and many others are very important
from operational and safety aspects [15,53,54].
Preparation of nanofluids
Preparation of NF is very crucial as it has a substantial effect on the
properties and stability of the results NF; hence careful attention
should be given. Generally, there are two approaches for the prepara-
tion of NF, either one-step or two-step method [47,54]. In the one-
step preparation method, the NPs are produced and readily dispersed
in the BF. While in the two-step method, the NPs are separately pro-
duced or acquired readily and then dispersed in the BF. The selection
of the preparation method depends mainly on the nature of NPs and
BF used and their suitability for the chosen method [25,60,61].
One-step preparation of NFs can be achieved by several techni-
ques such as direct evaporation, physical vapor deposition, and
chemical vapor deposition [61]. The main advantages of the one-step
method are uniform dispersion of NPs in BF, hence enhanced stability
and minimized agglomeration of NPs. This is mainly because NPs are
directly formed in the BF; therefore, drying, storage, and transporta-
tion of NPs are avoided. On the other hand, the one-step method is
limited to certain NPs and BF and their specific combination. Addi-
tionally, the method results in limited NF quantity and NPs concen-
tration, as well as being costly [62].
Two-step preparation of NFs is much simpler, which includes the
dispersion of ready-made NPs in the BF. The NPs are synthesized sep-
arately or readily acquired and then added to the BF with violentagitation to ensure proper dispersion and homogeneity of the NF
[17,42]. The main advantage of the two-step method is its simplicity
as it involves only the addition of NPs to BF without any special
chemical or physical conditions. The other advantage is the wide
applicability, as a wide range of NPs, almost all types of NPs, can be
dispersed in many BFs; hence the wide range of NFs can be produced.
However, the two-step method requires very well dispersion of NPs
in the BF, which is mainly due to the poor stability of NPs, hence
tending to agglomerate and aggregate forming clusters of NPs with
increased particle size, which results in less enhanced thermophysi-
cal properties, and even to sedimentation [36,63].
Stability of nanofluids
One of the major issues and challenges with NFs is the high ten-
dency of NPs to agglomerate and aggregate. The nature of NPs, their
loading or volume fraction (φ), i.e., percentage or concentration of
NPs in the BF, along with their interaction with the BF, highly affect
the stability of the NF [28]. Fig. 2 below demonstrate NPs as sus-
pended in the BF. Nanoparticles are usually negatively charged, hence
attracting positive charge surrounding the particle creating an immo-
bilized fluid layer, hence creating an effective particle volume. Some
charge balance or equilibrium is attained among positively and nega-
tively charged species in the NF in order to maintain stability. The
increase in the number of particles present in suspension along with
charge neutralization results in aggregation of particles to form larger
particles, hence agglomerate and eventually results in sedimentation
due to the increased size and density of particles relative to the fluid
[64,65]. This, in turn, might result in the loss of NPs from the NF and
creating some problems in process equipment.
The stability of NF can be accomplished by different approaches.
One of the first approaches is the proper preparation and dispersion
of NPs in the BF. The strong and violent agitation during the disper-
sion of NPs in BF in the two-step method ensures good stability of NF,
which is usually followed by ultrasonication to augment the dispersi-
bility of NPs [65]. The stability of NF can be measured by the polydis-
persity index (PDI), with the lower PDI, the higher the stability of the
NF. Zeta potential is another more accurate measure of NF stability,
as it is a measure of the thickness of the layer surrounding the parti-
cle as shown in Fig. 2, with the higher the absolute zeta potential val-
ues, the higher the stability of the NF. Generally, a zeta potential < 30
mV indicates limited stability, while 30-60 mV indicates physical sta-
bility, and ≥ 60 mV indicates excellent stability [17,64]. Additionally,
the measurement of ultraviolet UV absorbance can be used as
another measure for the NF stability with the decrease in absorbance
intensity as a measure for aggregation and sedimentation of NPs.
The addition of surfactants enhances the stability of NPs and pre-
venting the aggregation of these particles in the NF. Surfactants mole-
cules are attached to the NP surface, causing some surface charge
repulsion among particles and keeping the NPs well dispersed. Fig. 3
below shows a schematic of the typical surfactant action on the sur-
face of NPs. The surfactant usually alters the surface nature of the NPs
from hydrophilic to hydrophobic and vice versa hence increasing the
zeta potential [17,64,67].
Thermophysical properties of nanofluids
The main thermophysical properties of NF is increased thermal
conductivity. This is simply due to the dispersion of high thermal
conductivity material in particulate form. The mechanisms by which
the NPs increase the thermal conductivity of the BF are either due to
the Brownian motion, molecular-level layering at the particle/liquid
interface, natural heat transfer between liquid and particle, and NPs
clustering effect [68]. These mechanisms are illustrated in Fig. 4
below, showing the respective thermal conductivity enhancement,
which varies significantly with the NPs and BF type, NF preparation
Fig. 2. Interfacial phenomena of particles suspended in fluid [66].
4 K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073method, and NF stability. Fig. 5 below shows the enhancement of
thermal conductivity of a wide range of NFs as reported by Elena V.
Timofeeva [66]. The Fig. shows an increase in thermal conductivity of
the NF, reaching almost three times that of the BF. The effective ther-
mal conductivity of NF, kNF can be related to the thermal conductivityFig. 3. Surfactant action on the surface of nanoparticles [53].of the NPs, kNP, thermal conductivity of the BF, kBF, and the volume
fraction (φ) by the simple Maxwell equation, Eq. (1); however, sev-
eral investigations have shown that this equation tends to underesti-
mate the thermal conductivity enhancements, being mainly valid for
micro-sized suspension [69–71]. As a result, many correlations have





kNPþ2kBF−φ kNP−kBFð Þ ð1Þ
The added NPs results in the decrease of specific heat capacity of
BF as such solid particles are common of the lower heat capacity as
compared to the BF, with water having the highest heat capacity as
shown in Table 1. Similar to thermal conductivity, some general and
principle equations can predict the specific heat capacity of NF, Cp,NF,
in relation to the specific heat capacity of the NPs and BF, i.e., Cp,NP
and Cp,BF, respectively, and the volume fraction (φ) by the simple
Maxwell equation, Eq. (2) or Eq. (3), with the latter involving the den-
sity of NF, NPs, and BF, i.e., ρNF, ρNp, and ρBF respectively [53,55,72].
Although these equations are subject to accuracy and applicability
issues for specific NPs and BF pairs, it is still can be used to provide
primary guide values for the heat capacity.
Cp;NF ¼ 1−φð ÞCp;BFþφCp;NP ð2Þ
Cp;NF ¼ 1−φð ÞρBFCp;BFþφρNPCp;NP
 
=ρNF ð3Þ
Fig. 4. Thermal conductivity enhancement mechanisms in nanofluids: a) formation of a high thermal conductive layer, b) diffusive and Ballistic and phonon transport, c) Formation
of highly thermal conductive clusters [68].
Fig. 5. Thermal conductivity enhancement in different nanofluids [66].
K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073 5The density and viscosity of NF are typically higher than that of
the BF, which is attributed to the typical higher density of NPs, and
the fluid flow resistance due to the presence of NPs. This, in turn, is
considered one of the disadvantages of NF, as such an increase in
density and viscosity will result in higher pressure drop and hence
higher pumping power requirement for a specific duty. Simple
equations to those of thermal conductivity and specific heat capac-
ity are developed. Eqs. (4) and (5) are usually used to provide rough
estimation for the density and viscosity of NFs, i.e., ρNF and µNF,
respectively, in terms of the densities of NPs and BF, ρNP, and ρBF
respectively, and viscosity of the BF, µ and the volume fraction (φ)
[53,72,73].




The thermophysical properties of NF play a crucial role in deter-
mining the enhancement in heat transfer coefficient (HTC), whichcan be related to these properties and flow nature using the dimen-
sionless group of number, Reynolds number Re, Prandtl number Pr,














Nu¼ f Re; Prð Þ¼aRenPrm ð9Þ
Where: ρ = fluid density, d =characteristic diameter, u = flow
velocity, µ = fluid dynamic viscosity, ν = fluid kinematic viscosity,
α = thermal diffusivity, Cp = fluid specific heat capacity, k = fluid ther-
mal conductivity, h = convective heat transfer coefficient, L = charac-
teristic heat transfer length, and a, m, n = correlation coefficients.
Fig. 6. Schematic structure of a) graphene, b) graphene oxide, c) reduced graphene oxide, and d) graphene-based quantum dots [92].
Fig. 7. Classification and forms of graphene and graphene derivatives [93].
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Due to the superior performance of NF relative to the respective
BF, it has been widely used as a high-performance heat transfer fluid
in a wide range of applications. The main application for NF is in heat
transfer in different heat exchanger (HEx) types such as plate heat
exchanger [75–77], shell and tube HEx [78], heat pipe [79,80], renew-
able energy harvesting as in solar collectors and photovoltaic
[24,26,81–83], phase change material for energy storage [84], desali-
nation [85,86], fuel additive for combustion improvement
[3,12,87,88], and many other applications. NFs have a huge potential
for recovery of waste heat to increase the energy efficiency of differ-
ent processes due to their better thermophysical properties [89]. Inall these applications, the utilization of NF has shown a substantial
improvement in process performance relative to the use of conven-
tional fluid, resulting in improved efficiency, reduced energy con-
sumption, and lower cost.
Graphene-based nanofluids: Preparation and thermophysical
properties
Graphene (Gr) has evolved as an emerging material since its early
isolation in 2004, although it was theoretically expected as back to
the mid-18th century, which was crowned by Nobel Prize in Physics
in 2010 [90]. Since its early preparation and isolation, graphene and
common Gr-derivatives such as graphene oxide (GrO) and reduced
K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073 7graphene oxide (rGrO) have been investigated for a wide range of
applications; almost all applications require unique material. The
main driver for such huge attention was mainly due to its outstand-
ing chemical, mechanical, thermal, physical, optical, and electrical
properties [30,91]. Gr is simply a two-dimensional 2D allotrope of
carbon in which carbon atoms are ordered in one layer with a thick-
ness of one carbon atom. Fig. 6 below shows the structure of Gr, GrO,
rGrO, and Gr quantum dots, while Fig. 7 shows the different forms of
Gr derivatives. Gr is usually produced by isolating one-layer thickness
from graphite as the parent material, which is simply the three-
dimensional 3D allotrope of carbon. Gr can be produced by chemical
vapor deposition, mechanical, chemical, and electrochemical exfolia-
tion, epitaxial growth on SiC, and many other recent methods
[90,92].
Preparation of graphene-based nanofluids
Preparation of Gr-based NF follows the same classification of NF
preparation either through one-step method or two-step methods as
discussed earlier in 2.1. However, most of the literature work on Gr-
based NF have been found to utilize the two-step method
[27,30,40,94]. The two-step methods have two main advantages
when considered for Gr-based NF. The first advantage is the possibil-
ity of acquiring commercially readily available Gr with given specifi-
cation and known characterization, hence reduce the time required
for exhaustive Gr preparation methods, which to be followed with
needed advanced characterization techniques. The second advantage
is the possibility of carrying out much modification to the graphene,
following on-site preparation or external acquiring, which aims to
enhance some of its properties. Nitrogen-doped Gr (ND-Gr) has been
widely used for NF, hence further enhancing the thermophysical
properties of the NF [95–97], silver-decorated [98,99], core/shell cop-
per-Gr [100], and many other metallic and non-metallic species.
However, with the wide application of the two-step NF prepara-
tion method special attention has been given to ensure the stability
of the NF. In this regard, the unique properties of Gr of low bulk den-
sity of about 0.20-0.40 g/ml, and true density of 2.0-2.25 g/ml, which
is typical to that of carbon/graphite plays an important role, which is
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TiO2 @ 21 C
Fig. 8. Thermal conductivity enhancement of graphene-based nanofluids relative to other n
platelets, DI = deionized water, and EG = ethylene glycol.Table 1 [56,58]. The sedimentation velocity of suspended particles in
the fluid can be determined using Stokes's equation, Eq. (10) below
in terms of the particle radius r, fluid density ρF, fluid viscosity µ, par-
ticle density ρP, and acceleration due to gravity g [27,94]. In the case
of Gr-based NF, this sedimentation velocity is much less due to the
lower density difference between Gr and base fluid, which helps to
maintain the stability of the NF.
Vsed¼ r2 ρNP−ρBFð Þg
 
=9μ ð10ÞThermal Conductivity
The utmost property of NF is the higher thermal conductivity,
with high thermal conductive NPs added specifically to increase the
thermal conductivity of BF. The enhancement in thermal conductivity
can be easily evaluated by obtaining the ratio of the thermal conduc-
tivity of the NF to that of the BF, i.e., kNF/kBF, which should be greater
than unity, and the higher the ratio, the better the NF. The simplest
relation for evaluating the kNF/kBF, is given in Eq. 1; however, experi-
mental data deviate much from this simple equation due to the
inherent assumptions of ideal spherical particles, uniform single par-
ticle size, and absence of mutual interaction among NPs and BF and
NPs themselves, which is not quite accurate [46,53]. Several correla-
tions have been developed to express the enhancement in thermal
conductivity, which are validated versus specific experimental data
[101]. These correlations are considering particle size, specific surface
area, shape, and many other properties of NPs, with the works of
Yang et al. [102], Angayarkanni and Philip [16], and Akilu et al. [13]
provide a good compilation of these correlations.
Fig. 8 below shows the thermal conductivity ratio for different
forms of Gr and some typical metallic oxides in common BF. The
figure demonstrates the outstanding thermal conductivity improve-
ment upon the addition of Gr, showing that much less volume frac-
tion can result in a substantial increase in thermal conductivity. The
significant rise in thermal conductivity of Gr-based NF is attributed to
the high thermal conductivity of Gr, which is claimed to be up to
3,000 W/m.K (parallel to the Gr surface) to a minimum of 6 W/m.K
(perpendicular to Gr surface) [56], with former value reported to be0.1 1 10
 fraction φ, %
anofluids (data obtained from [34,58,103–106]). Gr = graphene, GnP = graphene nano-
Table 2
Enhancement in thermal conductivity of graphene-based nanofluids.
Gr material Base fluid kNF/kBF Remarks Ref.
3D-Gr EG 1.149 At φ = 0.1% wt. and 25 °C. Bing et al. [103]
Gr DI 1.416 At φ = 0.1% wt. and 25 oC Ghozatloo et al. [58]
GnPGnP EG 1.208 At φ = 0.5% vol. and 35 oC Selvam et al. [104]
DIDI 1.160
1.287 At φ = 0.1% wt. and
60 °C relative
to 1.205 at 20 °C
for 500 m2/g GnP.
Iranmanesh et al. [101]
1.307 At φ = 0.1% wt.
and 60 °C relative
to 1.234 at 20 °C for
750 m2/g GnP.
Gr EG-DI (1:1 vol.) 1.092 At φ = 0.2% wt. and 25 °C. Martin et al. [107]
GrnP 1.211 At φ = 1% wt. and 25 °C
and 750 m2/g.
Wang et al. [105]
*Gr = graphene, GrnP = graphene nanoplatelets, EG = ethylene glycol, DI = deionized water.
8 K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073down to 2,500 W/m.K [58] and up to 5,000 W/m.K [57]. The Figure
also shows that the thermal conductivity increase depends on the BF
as well, as in the case of Gr nanoplatelets (GnP) when added to ethyl-
ene glycol (EG) and water (DI), which results in a higher increase in
the case of the former. Table 2 shows some of the recently reported
enhancement in thermal conductivity of Gr-based NF.
Specific heat capacity
The specific heat capacity is simply the amount of energy required
to increase the temperature of a unit mass of matter by unit tempera-
ture and expressed J/g.K in the metric system of units. The specific
heat of NF as typical HTF plays a crucial role as it determines the heat-
ing/cooling capacity of the fluid per unit decrease/increase in temper-
ature, which is simply the product of fluid flowrate and specific heat
capacity in J/k, with the higher the heat capacity, the better the HTF
is. Accordingly, the higher the specific heat capacity, the higher the
heat capacity, hence requires less HTF flow for a certain heating/cool-
ing duty, which also decreases the pumping power requirements.
Unfortunately, the addition of NPs to BF results in the decrease of
the specific heat capacity of the result NF. As given in Table 1, the spe-
cific heat capacity of BF is much higher than that of NPs, with water
and ethylene glycol have about 4.18 and 2.35 J/g.K, respectively.
While graphene has a value range of 0.643-2.10 J/g.K, which is one of
the highest specific heat capacity among NPs, but still lower than
that of the BF [53,108]. The specific heat capacity can be related to
the specific heat capacities of the NPs and BF along with the volume
fraction in simple correlation as given in Eq. (2) and (3). Liu et al.
have reported the drop of specific heat capacity of Gr-water NF from
3.915 J/g.K for pure water at 20 °C to 3.875, 3.834, and 3.768 J/g.K for
0.2, 0.4, and 0.8 wt.%, respectively representing a drop up to 3.75%
[109].
Density
The density of NF is higher than that of the BF; this is simply due
to the higher density of the solid NPs added, as shown in Table 1 and
according to the simple relation of Eq. (4). However, in the case of Gr,
a clear distinction can be made, given the fact that Gr is porous in
nature; hence it has true density and bulk density. The true density of
Gr is close to that of graphite of 2.00-2.50 g/ml, while the bulk density
of porous Gr structures is much less in the range of 0.2-0.4 g/ml
[56,58]. The increase in density, along with the viscosity of NF, has a
significant effect on increasing pressure drop and required pumping
power. The density of Gr/DI NF has increased from 0.9805 g/ml forpure water to 0.9934 g/ml at 0.8 wt.%, equivalent to an increase of
about 1.3% [109].
The increase in density of NF due to the higher density of NPs has
another critical role in the stability of NF, with the higher density dif-
ference between the BF and NPs, i.e., higher NPs density, the higher
settling or sedimentation velocity of the NPs, according to Eq. (10)
[110–112]. Hence the lower NF stability, with loss of NPs in the heat
transfer loop over time, which result in degradation of thermal per-
formance. In this regard, the density of graphene seems to be of the
closest value to the density of most BF, hence the higher stability rela-
tive to other NPs types, which is an additional advantage of Gr-based
NF relative to other types of NFs.
Viscosity
Viscosity simply represents the resistance of the fluid to flow due
to inter-layer or fluid/surface interaction. Similar to density, the vis-
cosity has two detrimental effects on pressure drop and pumping
power requirements. The presence of NPs in the BF, i.e., forming the
NF, result in increasing the friction at the fluid/surface interface due
to NPs/surface collisions and other inter-layer resistance and interfa-
cial forces. These interfacial resistances result in increasing the vis-
cosity of the NF relative to the BF. The simple correlation expressing
the viscosity of NF is presented in Eq. (5); however, more representa-
tive models for a wide range of NF have been developed and vali-
dated as summarized in the works of Yang et al. [102], Angayarkanni
and Philip [16], and Akilu et al. [13] provide a good compilation of
these correlations. Table 3 and Fig. 9 below shows the increase in vis-
cosity of NF relative to that of BF, i.e., µNF/µBF, which is always higher
than unity. Table 3 shows an increase in the thermal conductivity of
Gr-based NF up to 50% over φ range of 0.1-0.8%. The table also shows
that graphene nanoplatlets GrnP results in a higher increase in the
viscosity relative to Gr itself. Fig. 9 shows that a much higher increase
in the viscosity of the NF is observed at a lower φ for Gr-based NFs
reaching about 40-50% in some cases at about φ of 0.1%, which is
much higher than that encountered with oxides NF at even higher φ
of 1%. Similar to thermal conductivity, the increase in Gr-based NF
viscosity is much higher than other NF. However, the increase in vis-
cosity is much higher compared to that of the thermal conductivity.
Challenges and recommendations of graphene-based nanofluids
Gr-based NFs have shown very high potential as an efficient HTF
due to the significant increase in thermal conductivity relative to the
BF. However, there are some challenges associated with the wide
Table 3
Viscosity increase of graphene-based nanofluids.
Gr material Base fluid µNF/µBF Remarks Ref.
Gr DI 1.12 At φ = 0.1% wt.
and 25 oC
Ghozatloo et al. [58]
1.506 At φ = 0.8% wt.
and 25 oC
Changhui Liu et al. [109]
GrnP 1.380 At φ = 0.1% wt. at 20 °C
for 500 m2/g GnP.
Iranmanesh et al. [101]
1.440 At φ = 0.1% wt. and
20 °C for 750 m2/g GnP.
Gr EG-DI (1:1 vol.) 1.096 At φ = 0.2% wt.
and 25 °C.
Martin et al. [107]
GrnP 1.45 At φ = 0.8% wt. and 25 °C
and 750 m2/g.
Wang et al. [105]
























Fig. 9. The relative increase in viscosity of nanofluid relative to base fluid for graphene-based nanofluids and some other nanofluids (data obtained from [34,58,101,105–107,113].
Gr = graphene, GnP = graphene nanoplatelets, EG = ethylene glycol, DI = deionized water.
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follow:
Ø High cost,
Ø Stability and dispersion,
Ø Increased density and viscosity
Ø Environmental impacts of Gr NPs
The major challenge to widely utilize Gr-based NF is the high cost
associated with Gr and Gr derivatives. Although of the relatively
cheap and abundant precursors for synthesizing Gr, i.e., graphite, the
synthesis methods for Gr are very advanced and exhaustive in terms
of chemicals used, energy consumed, and procedure followed to
ensure obtaining the right 2D structure and defect-free Gr with high-
quality control measures during synthesis [111,114–116]. Following
the synthesis of the Gr complex and delicate purification and down-
stream processing are required to ensure the recovery of the synthe-
sized Gr at high yield and purity. In addition, the characterization of
the Gr and Gr derivatives requires advanced analytical techniques,
including different scanning and transmission electron microscopy
(SEM and TEM respectively) to confirm the structure and purity of
the product. Accordingly, a careful benefit-cost analysis has to be
made for the application of Gr-based NF to accurately balance the
gained improvement in thermophysical properties versus the higher
cost associated with such NF.The second major challenge facing Gr-based NF, like any other
typical NF, is to maintain the stability of NF and avoid NPs aggrega-
tion and agglomeration, which lead to sedimentation of accumulation
of such NPs in process equipment [25,65,117]. Gr is hydrophobic in
nature, and hence particles tend to aggregate rather than to disperse
in water as the most common HTF. Accordingly, surface modification
with hydrophilic groups was used as an approach to improve its sta-
bility [111,112,118,119]. The addition of surfactant helps to alter the
surface charge and nature, changing it from hydrophobic to hydro-
philic in the case of Gr-based NF, as shown in Fig. 3 [28,48,71,117].
Gr-based NF has a significantly enhanced thermal conductivity,
which is due to the high thermal conductivity of Gr. However, the Gr-
based NF also has a higher density and viscosity, as discussed earlier
relative to other NFs. The increased density and viscosity results in a
higher pressure drop of the fluid along with higher pumping power
requirements, which is a critical trade-off. Accordingly, it is very cru-
cial to optimize the volume fraction φ of Gr in Gr-based NF to maxi-
mize the gain in thermal conductivity while minimizing the increase
in density and viscosity. This will also help in decreasing the cost
associated with Gr-based NF.
The last challenge with Gr-based NF is its environmental impacts
(EI). The EI has become an essential pillar of evaluating and assessing
the eco-friendly and sustainable nature of a wide range of processes
[120–123]. NF can affect the environment harshly due to the presence
of NPs; this is in addition to the BF in case of loss of containment or
disposal at the end of duty. Water as BF does not have many EIs, and
10 K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073most of the result EIs are due to the added NPs, which include metals
and metal oxides [83,102,124]. NF use is currently under develop-
ment; hence it requires careful assessment and evaluation of EI. Gr as
a carbon allotrope can be approximated to graphite; which will have
less EI as compared to other materials, however, due to the nano-
size, it can act differently in natural systems. Accordingly, a specific
and detailed environmental impact assessment for the use of Gr-
based NF is required for each particular application.
Given the high potential and promising enhancement in the dif-
ferent thermophysical properties encountered with Gr-based NF,
some recommendations for further study and future work can be
provided to expand its application and overcome the faced chal-
lenges. These recommendations can be summarized as follow:
Ø Although of the theoretically very high thermal conductivity of
Gr, the enhancement in thermal conductivity of Gr-based NF was
up to 50% only, which has to be further studied. Some modeling
and theoretical studies can better interpret such behavior, hence
help to obtain higher thermal conductivity.
Ø It was found that the visocity of Gr-based NF is higher compared
to other metallic and oxides NFs, which might result in increased
fluid flow friction and pumping energy requirements. Hence a
careful study of the friction and associated pressure drop, along
with pumping energy requirements is required to better evaluate
the effectiveness of utilized Gr-based NF measuring the
enhanced thermal conductivity versus the increased friction and
energy requirements.
Ø Incorporation of metals, more specifically copper Cu due to its
availability and low cost along with high thermal conductivity,
into graphene might evolve as a tool to further enhance the ther-
mophysical properties of Gr-based NF.
Ø Although the technical feasibility of using Gr-based NF, the eco-
nomical feasibility has to be carefully assessed and evaluated,
hence an optimum technical and economical feasibility range
can be identified.Conclusions
Nanofluids (NF) have been evolved recently as highly efficient
heat transfer fluid with outstanding thermophysical properties. A
wide range of nanostructures, specifically nanoparticles NPs have
been added to mostly used fluids to enhance their thermophysical
properties. Among materials with high potential as efficient NF is gra-
phene Gr, due to its tremendous thermal conductivity of about 5,000
W/m.K. Accordingly, the Gr-based NFs have been explored and inves-
tigated for a wide range of applications with almost all types of fluids.
Gr-based NFs have shown much higher thermal conductivity at much
lower concentration relative to high thermal conductivity metals and
metal oxides such as Ag, Cu, Al2O3, and SiO2, showing up to 40-50%
increase at 0.1 wt.%. However, Gr-based NF has a lower specific heat
capacity, higher density, and viscosity, which is common for typical
NFs. Specifically, the viscosity of Gr-based NFs was found to be higher
relative to other types of NF and at lower concentrations. Accord-
ingly, the volume fraction φ has to be well-optimized to gain higher
thermal conductivity at affordable density and viscosity increase to
minimize pressure drop and pumping power requirements. Some of
the challenges facing the wide application of Gr-based NF, including
high cost, stability, and environmental impacts, have been discussed,
which require careful investigation to promote the use of Gr-based
NFs. Most of these challenges are associated with Gr preparation
methods, which are currently costly, material, and energy exhaustive,
hence advancement in Gr manufacture might relief many technical
and economic constraints for the applications of Gr-based NFs.Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
References
[1] H Jouhara, A Chauhan, T Nannou, S Almahmoud, B Delpech, LC. Wrobel, Heat
pipe based systems - advances and applications, Energy 128 (2017) 729–754.
doi: 10.1016/j.energy.2017.04.028.
[2] H Jouhara, N Khordehgah, S Almahmoud, B Delpech, A Chauhan, SA. Tassou,
Waste heat recovery technologies and applications, Therm. Sci. Eng. Prog. 6
(2018) 268–289. doi: 10.1016/j.tsep.2018.04.017.
[3] B Delpech, M Milani, L Montorsi, D Boscardin, A Chauhan, S Almahmoud, et al.,
Energy efficiency enhancement and waste heat recovery in industrial processes
by means of the heat pipe technology: case of the ceramic industry, Energy 158
(2018) 656–665. doi: 10.1016/j.energy.2018.06.041.
[4] D Brough, A Mezquita, S Ferrer, C Segarra, A Chauhan, S Almahmoud, et al., An
experimental study and computational validation of waste heat recovery from a
lab scale ceramic kiln using a vertical multi-pass heat pipe heat exchanger,
Energy 208 (2020) 118325. doi: 10.1016/j.energy.2020.118325.
[5] H Jouhara, AG. Olabi, Editorial: Industrial waste heat recovery, Energy 160
(2018) 1–2. doi: 10.1016/j.energy.2018.07.013.
[6] AG Olabi, K Elsaid, ET Sayed, MS Mahmoud, T Wilberforce, RJ Hassiba, et al.,
Application of nanofluids for enhanced waste heat recovery: a review, Nano
Energy (2021) In Press.
[7] M Rafiq, M Shafique, A Azam, M. Ateeq, Transformer oil-based nanofluid : The
application of nanomaterials on thermal, electrical and physicochemical proper-
ties of liquid insulation- a review, Ain Shams. Eng. J. (2020). doi: 10.1016/j.
asej.2020.08.010.
[8] G Sekrani, S. Poncet, Ethylene- and propylene-glycol based nanofluids: A littera-
ture review on their thermophysical properties and thermal performances,
Appl. Sci. 8 (2018). doi: 10.3390/app8112311.
[9] Y Wang, HAI Al-Saaidi, M Kong, JL. Alvarado, Thermophysical performance of
graphene based aqueous nanofluids, Int. J. Heat Mass Transf. 119 (2018) 408–
417. doi: 10.1016/j.ijheatmasstransfer.2017.11.019.
[10] JJ Fierro, A Escudero-Atehortua, C Nieto-Londoño, M Giraldo, H Jouhara,
LC Wrobel, Evaluation of waste heat recovery technologies for the cement
industry, Int. J. Thermofluids (2020) 7–8. doi: 10.1016/j.ijft.2020.100040.
[11] H Jouhara, A Żabnieńska-Góra, N Khordehgah, D Ahmad, T. Lipinski, Latent ther-
mal energy storage technologies and applications: a review, Int. J. Thermofluids
(2020) 5–6. doi: 10.1016/j.ijft.2020.100039.
[12] R Agathokleous, G Bianchi, G Panayiotou, L Arestia, MC Argyrou, GS Georgiou,
et al., Waste heat recovery in the EU industry and proposed new technologies,
Energy Procedia 161 (2019) 489–496. doi: 10.1016/j.egypro.2019.02.064.
[13] S Akilu, KV. Sharma, AT Baheta, R. Mamat, A review of thermophysical properties
of water based composite nanofluids, Renew. Sustain. Energy Rev. 66 (2016)
654–678. doi: 10.1016/j.rser.2016.08.036.
[14] R Saidur, KY Leong, HA. Mohammed, A review on applications and challenges of
nanofluids, Renew. Sustain. Energy Rev. 15 (2011) 1646–1668. doi: 10.1016/j.
rser.2010.11.035.
[15] D Kumar, VA. Amirtham, A review on preparation, characterization, properties
and applications of nano fl uids, Renew. Sustain. Energy Rev. 60 (2016) 21–40.
doi: 10.1016/j.rser.2016.01.055.
[16] SA Angayarkanni, J. Philip, Review on thermal properties of nanofluids: Recent
developments, Adv. Colloid Interface Sci. 225 (2015) 146–176. doi: 10.1016/j.
cis.2015.08.014.
[17] W Safiei, MM Rahman, AR Yusoff, MR. Radin, Preparation, stability and wettabil-
ity of nanofluid: a review, J. Mech. Eng. Sci. 14 (2020) 7244–7257.
[18] W Yu, H. Xie, A review on nanofluids: Preparation, stability mechanisms, and
applications, J. Nanomater. 2012 (2012). doi: 10.1155/2012/435873.
[19] VS Korada, SK Vandrangi, S Kamal, AA. Minea, Influence of metal and metal
oxide nanofluid properties on forced convection heat transfer and fluid flow,
Adv. New Heat Transf. Fluids (2017) 1–28.
[20] A Behrangzade, MM. Heyhat, The effect of using nano-silver dispersed water
based nanofluid as a passive method for energy efficiency enhancement in a
plate heat exchanger, Appl. Therm. Eng. 102 (2016) 311–317. doi: 10.1016/j.
applthermaleng.2016.03.051.
[21] A Meisam, A Ahmad, M. Hamed, Experimental investigation of metal oxide
nanofluids in a plate heat exchanger, J. Thermophys. Heat Transf. 33 (2019)
994–1005. doi: 10.2514/1.T5581.
[22] SH Kim, SR Choi, D. Kim, Thermal conductivity of metal-oxide nanofluids: Parti-
cle size dependence and effect of laser irradiation, J. Heat Transfer 129 (2007)
298–307. doi: 10.1115/1.2427071.
[23] NAC Sidik, MNAWM Yazid, S. Samion, A review on the use of carbon nanotubes
nanofluid for energy harvesting system, Int. J. Heat Mass Transf. 111 (2017)
782–794. doi: 10.1016/j.ijheatmasstransfer.2017.04.047.
[24] A Borode, N Ahmed, P. Olubambi, A review of solar collectors using carbon-
based nanofluids, J. Clean Prod. 241 (2019) 118311. doi: 10.1016/j.jcle-
pro.2019.118311.
[25] MNAWM Yazid, NAC Sidik, R Mamat, G. Najafi, A review of the impact of prepa-
ration on stability of carbon nanotube nanofluids, Int. Commun. Heat Mass
Transf. 78 (2016) 253–263. doi: 10.1016/j.icheatmasstransfer.2016.09.021.
K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073 11[26] AO Borode, NA Ahmed, PA. Olubambi, A review of heat transfer application of
carbon-based nanofluid in heat exchangers, Nano-Struct. Nano-Objects 20
(2019) 100394. doi: 10.1016/j.nanoso.2019.100394.
[27] A Arshad, M Jabbal, Y Yan, D. Reay, A review on graphene based nanofluids:
preparation, characterization and applications, Elsevier B.V. 279 (2019). doi:
10.1016/j.molliq.2019.01.153.
[28] S Nadeem, A Shah, S Shahabuddin, M Faizul, M Sabri, M Faiz, et al., International
journal of heat and mass transfer experimental investigation on stability, ther-
mal conductivity and rheological properties of rGO /ethylene glycol based nano-
fluids, Int. J. Heat Mass Transf. 150 (2020) 118981. doi: 10.1016/j.
ijheatmasstransfer.2019.118981.
[29] M Fares, M AL-Mayyahi, M AL-Saad, Heat transfer analysis of a shell and tube
heat exchanger operated with graphene nanofluids, Case Stud. Therm. Eng. 18
(2020) 100584. doi: 10.1016/j.csite.2020.100584.
[30] M Bahiraei, S. Heshmatian, Graphene family nanofluids: a critical review and
future research directions, Energy Convers. Manag. 196 (2019) 1222–1256. doi:
10.1016/j.enconman.2019.06.076.
[31] IM Shahrul, IM Mahbubul, R Saidur, MFM. Sabri, Experimental investigation on
Al2O3-W, SiO2-W and ZnO-W nanofluids and their application in a shell and
tube heat exchanger, Int. J. Heat Mass Transf. 97 (2016) 547–558. doi: 10.1016/j.
ijheatmasstransfer.2016.02.016.
[32] SM Parsa, A Rahbar, MH Koleini, S Aberoumand, M Afrand, M. Amidpour, A
renewable energy-driven thermoelectric-utilized solar still with external
condenser loaded by silver/nanofluid for simultaneously water disinfection
and desalination, Desalination 480 (2020) 114354. doi: 10.1016/j.
desal.2020.114354.
[33] SH Pourhoseini, N Naghizadeh, H. Hoseinzadeh, Effect of silver-water nanofluid
on heat transfer performance of a plate heat exchanger: an experimental and
theoretical study, Powder Technol. 332 (2018) 279–286. doi: 10.1016/j.pow-
tec.2018.03.058.
[34] KFV Wong, T. Kurma, Transport properties of alumina nanofluids, Nanotechnol-
ogy 19 (2008). doi: 10.1088/0957-4484/19/34/345702.
[35] S Mukherjee, PC Mishra, P. Chaudhuri, Thermo-economic performance analysis
of Al2O3-water nanofluids — an experimental investigation, J. Mol. Liq. 299
(2020) 112200. doi: 10.1016/j.molliq.2019.112200.
[36] K Logesh, V Ramesh, TPB Kumar, VP Kumar, B. Akash, Preparation and property
studies of SiO2/H2O nanofluid, Mater. Today Proc. 18 (2019) 4816–4820. doi:
10.1016/j.matpr.2019.07.470.
[37] L Yang, Y. Hu, Toward TiO2 nanofluids—part 1: preparation and properties,
Nanoscale Res. Lett. 12 (2017) 1–21. doi: 10.1186/s11671-017-2184-8.
[38] DR Karana, RR. Sahoo, Effect on TEG performance for waste heat recovery of
automobiles using MgO and ZnO nanofluid coolants, Case Stud. Therm. Eng. 12
(2018) 358–364. doi: 10.1016/j.csite.2018.05.006.
[39] T Teng, T Hsiao, C. Chung, Characteristics of carbon-based nanofluids and their
application in a brazed plate heat exchanger under laminar flow, Appl. Therm.
Eng. 146 (2019) 160–168. doi: 10.1016/j.applthermaleng.2018.09.125.
[40] AK Rasheed, M Khalid, W Rashmi, TCSM Gupta, A. Chan, Graphene based nano fl
uids and nanolubricants – review of recent developments, Renew. Sustain.
Energy Rev. 63 (2016) 346–362. doi: 10.1016/j.rser.2016.04.072.
[41] F Abbas, HM Ali, TR Shah, H Babar, MM Janjua, U Sajjad, et al., Nanofluid: Poten-
tial evaluation in automotive radiator, J. Mol. Liq. 297 (2020). doi: 10.1016/j.mol-
liq.2019.112014.
[42] A Asadi, S Aberoumand, A Moradikazerouni, F Pourfattah, G Żyła, P Estellé, et al.,
Recent advances in preparation methods and thermophysical properties of oil-
based nanofluids: A state-of-the-art review, Powder Technol. 352 (2019) 209–
226. doi: 10.1016/j.powtec.2019.04.054.
[43] A Naddaf, S Zeinali Heris, Experimental study on thermal conductivity and elec-
trical conductivity of diesel oil-based nanofluids of graphene nanoplatelets and
carbon nanotubes, Int. Commun. Heat Mass Transf. 95 (2018) 116–122. doi:
10.1016/j.icheatmasstransfer.2018.05.004.
[44] W Huang, M. Marefati, Energy, exergy, environmental and economic compari-
son of various solar thermal systems using water and thermia oil B base fluids,
and CuO and Al 2 O 3 nanofluids, Energy Reports 6 (2020) 2919–2947. doi:
10.1016/j.egyr.2020.10.021.
[45] MU Sajid, HM. Ali, Thermal conductivity of hybrid nanofluids: A critical review,
Int. J. Heat Mass Transf. 126 (2018) 211–234. doi: 10.1016/j.ijheatmasstrans-
fer.2018.05.021.
[46] JA Ranga Babu, KK Kumar, S Srinivasa Rao, State-of-art review on hybrid nano-
fluids, Renew. Sustain. Energy Rev. 77 (2017) 551–565. doi: 10.1016/j.
rser.2017.04.040.
[47] A Raihan, I Ali, B. Salam, A review on nanofluid : preparation, stability, thermo-
physical properties, heat transfer characteristics and application, SN Appl. Sci 2
(2020) 1–17. doi: 10.1007/s42452-020-03427-1.
[48] S Chakraborty, PK. Panigrahi, Stability of nanofluid: a review, Appl. Therm. Eng.
174 (2020). doi: 10.1016/j.applthermaleng.2020.115259.
[49] AK Sharma, AK Tiwari, AR. Dixit, Rheological behaviour of nanofluids: a review,
Renew. Sustain. Energy Rev. 53 (2016) 779–791. doi: 10.1016/j.
rser.2015.09.033.
[50] P Jamilpanah, H Pahlavanzadeh, A. Kheradmand, Heat Mass Transf Und Stoffue-
bertragung, Heat Mass Transf Und Stoffuebertragung, 53, 2017, pp. 1343–1354.
doi: 10.1007/s00231-016-1891-5.
[51] L Yang, J Xu, K Du, X. Zhang, Recent developments on viscosity and thermal con-
ductivity of nanofluids, Powder Technol. 317 (2017) 348–369. doi: 10.1016/j.
powtec.2017.04.061.
[52] IM. Mahbubul, Preparation of Nanofluid, 2019. doi: 10.1016/b978-0-12-813245-
6.00002-2.[53] A Cardellini, M Fasano, M Bozorg Bigdeli, E Chiavazzo, P Asinari, Thermal trans-
port phenomena in nanoparticle suspensions, J. Phys. Condens. Matter 28
(2016). doi: 10.1088/0953-8984/28/48/483003.
[54] IM. Mahbubul, Introduction to nanofluid, Prep. Charact. Prop. Appl. Nanofluid
(2019) 1–13. doi: 10.1016/b978-0-12-813245-6.00001-0.
[55] SMS Murshed, KC Leong, C. Yang, Thermophysical Properties of Nanofluids, c,
2016. doi: 10.1016/b978-0-12-813245-6.00004-6.
[56] E Sadeghinezhad, H Togun, M Mehrali, P Sadeghi Nejad, S Tahan Latibari,
T Abdulrazzaq, et al., An experimental and numerical investigation of heat
transfer enhancement for graphene nanoplatelets nanofluids in turbulent flow
conditions, Int. J. Heat Mass Transf. 81 (2015) 41–51. doi: 10.1016/j.ijheatmas-
stransfer.2014.10.006.
[57] M Mehrali, E Sadeghinezhad, MA Rosen, S Tahan Latibari, M Mehrali,
HSC Metselaar, et al., Effect of specific surface area on convective heat transfer of
graphene nanoplatelet aqueous nanofluids, Exp. Therm. Fluid Sci. 68 (2015)
100–108. doi: 10.1016/j.expthermflusci.2015.03.012.
[58] A Ghozatloo, A Rashidi, M. Shariaty-Niassar, Convective heat transfer enhance-
ment of graphene nanofluids in shell and tube heat exchanger, Exp. Therm. Fluid
Sci. 53 (2014) 136–141. doi: 10.1016/j.expthermflusci.2013.11.018.
[59] MM. Tawfik, Experimental studies of nano fl uid thermal conductivity enhance-
ment and applications : a review, Renew. Sustain. Energy Rev. 75 (2017) 1239–
1253. doi: 10.1016/j.rser.2016.11.111.
[60] DD Kumar, AV. Arasu, A comprehensive review of preparation, characterization,
properties and stability of hybrid nano fl uids, Renew. Sustain. Energy Rev. 81
(2018) 1669–1689. doi: 10.1016/j.rser.2017.05.257.
[61] M Jama, T Singh, SM Gamaleldin, M Koc, A Samara, RJ Isaifan, et al., Critical
review on nanofluids: preparation, characterization, and applications, J. Nano-
mater. 2016 (2016). doi: 10.1155/2016/6717624.
[62] AI Khan, AV. Arasu, A review of influence of nanoparticle synthesis and geomet-
rical parameters on thermophysical properties and stability of nanofluids,
Therm. Sci. Eng. Prog. 11 (2019) 334–364. doi: 10.1016/j.tsep.2019.04.010.
[63] H Babar, HM. Ali, Towards hybrid nanofluids: preparation, thermophysical prop-
erties, applications, and challenges, J OfMolecular Liq. J. 281 (2019) 598–633.
doi: 10.1016/j.molliq.2019.02.102.
[64] IM. Mahbubul, Stability and Dispersion Characterization of Nanofluid, 2019. doi:
10.1016/b978-0-12-813245-6.00003-4.
[65] J Lee, K Han, J. Koo, A novel method to evaluate dispersion stability of nanofluids,
Int. J. Heat Mass Transf. 70 (2014) 421–429. doi: 10.1016/j.ijheatmasstrans-
fer.2013.11.029.
[66] EV. Timofeeva, AN Gavrilov, JM McCloskey, YV. Tolmachev, S Sprunt,
LM Lopatina, et al., Thermal conductivity and particle agglomeration in alumina
nanofluids: experiment and theory, Phys. Rev. E - Stat. Nonlinear, Soft. Matter.
Phys. 76 (2007) 28–39. doi: 10.1103/PhysRevE.76.061203.
[67] Y Hwang, JK Lee, JK Lee, YM Jeong, Cheong S ir, YC Ahn, et al., Production and
dispersion stability of nanoparticles in nanofluids, Powder Technol. 186 (2008)
145–153. doi: 10.1016/j.powtec.2007.11.020.
[68] Y Li, J Zhou, S Tung, E Schneider, S. Xi, A review on development of nanofluid
preparation and characterization, Powder Technol. 196 (2009) 89–101. doi:
10.1016/j.powtec.2009.07.025.
[69] MH Ahmadi, A Mirlohi, M Alhuyi Nazari, R Ghasempour, A review of thermal
conductivity of various nanofluids, J. Mol. Liq. 265 (2018) 181–188. doi:
10.1016/j.molliq.2018.05.124.
[70] IM. Mahbubul, Correlation and Theoretical Analysis of Nanofluids, 2019. doi:
10.1016/b978-0-12-813245-6.00007-1.
[71] N Ali, JA Teixeira, A. Addali, A review on nanofluids: fabrication, stability, and
thermophysical properties, J. Nanomater. 2018 (2018). doi: 10.1155/2018/
6978130.
[72] SMS Murshed, KC Leong, C. Yang, Thermophysical properties of
nanofluids. HPreparation, Charact. Prop. Appl. Nanofluid (2019). doi: 10.1201/
b19261-6.
[73] MM Ayyub, M Chhetri, U Gupta, A Roy, CNR. Rao, Photochemical and photoelec-
trochemical hydrogen generation by splitting seawater, Chem. - A Eur. J. 24
(2018) 18455–18462. doi: 10.1002/chem.201804119.
[74] M Attalla, HM. Maghrabie, An experimental study on heat transfer and fluid flow
of rough plate heat exchanger using Al2O3/water nanofluid, Exp. Heat Transf. 33
(2020) 261–281. doi: 10.1080/08916152.2019.1625469.
[75] V Kumar, AK Tiwari, SK. Ghosh, Application of nanofluids in plate heat
exchanger: a review, Energy Convers. Manag. 105 (2015) 1017–1036. doi:
10.1016/j.enconman.2015.08.053.
[76] D Huang, Z Wu, B. Sunden, Effects of hybrid nanofluid mixture in plate heat
exchangers, Exp. Therm. Fluid Sci. 72 (2016) 190–196. doi: 10.1016/j.exptherm-
flusci.2015.11.009.
[77] V Kumar, AK Tiwari, SK. Ghosh, Characterization and performance of nanofluids
in plate heat exchanger, Mater. Today Proc. 4 (2017) 4070–4078. doi: 10.1016/j.
matpr.2017.02.310.
[78] B Farajollahi, SG Etemad, M. Hojjat, Heat transfer of nanofluids in a shell and
tube heat exchanger, Int. J. Heat Mass Transf. 53 (2010) 12–17. doi: 10.1016/j.
ijheatmasstransfer.2009.10.019.
[79] J Ramos, A Chong, H. Jouhara, Experimental and numerical investigation of a
cross flow air-to-water heat pipe-based heat exchanger used in waste heat
recovery, Int. J. Heat Mass Transf. 102 (2016) 1267–1281. doi: 10.1016/j.ijheat-
masstransfer.2016.06.100.
[80] H Jouhara, S Almahmoud, A Chauhan, B Delpech, G Bianchi, SA Tassou, et al.,
Experimental and theoretical investigation of a flat heat pipe heat exchanger for
waste heat recovery in the steel industry, Energy 141 (2017) 1928–1939. doi:
10.1016/j.energy.2017.10.142.
12 K. Elsaid et al. / International Journal of Thermofluids 10 (2021) 100073[81] E Bellos, C. Tzivanidis, A review of concentrating solar thermal collectors with
and without nanofluids, J. Therm. Anal. Calorim. 135 (2019) 763–786. doi:
10.1007/s10973-018-7183-1.
[82] M Hemmat Esfe, MH Kamyab, M. Valadkhani, Application of nanofluids and flu-
ids in photovoltaic thermal system: An updated review, Sol. Energy 199 (2020)
796–818. doi: 10.1016/j.solener.2020.01.015.
[83] A Salari, A Taheri, A Farzanehnia, M Passandideh-fard, M. Sardarabadi, An
updated review of the performance of nano fl uid-based photovoltaic thermal
systems from energy, exergy, economic, and environmental (4E) approaches, J.
Clean. Prod. (2020) 124318. doi: 10.1016/j.jclepro.2020.124318.
[84] JM Munyalo, X. Zhang, Particle size effect on thermophysical properties of nano-
fluid and nanofluid based phase change materials: A review, J. Mol. Liq. 265
(2018) 77–87. doi: 10.1016/j.molliq.2018.05.129.
[85] A Iqbal, MS Mahmoud, ET Sayed, K Elsaid, MA Abdelkareem, H Alawadhi, et al.,
Evaluation of the nanofluid-assisted desalination through solar stills in the last
decade, J. Environ. Manage. 277 (2021) 111415. doi: 10.1016/j.jenvman.2020.111415.
[86] K Elsaid, E Taha Sayed, BAA Yousef, M Kamal Hussien Rabaia,
M Ali Abdelkareem, AG Olabi, Recent progress on the utilization of waste heat
for desalination: a review, Energy Convers. Manag. 221 (2020) 113105. doi:
10.1016/j.enconman.2020.113105.
[87] X Zhang, L Pan, L Wang, J. Zou, Review on synthesis and properties of high-
energy-density liquid fuels : hydrocarbons, nanofluids and energetic ionic
liquids, Chem. Eng. Sci. 180 (2018) 95–125. doi: 10.1016/j.ces.2017.11.044.
[88] D Brough, H. Jouhara, The aluminium industry: A review on state-of-the-art
technologies, environmental impacts and possibilities for waste heat recovery,
Int. J. Thermofluids (2020) 1–2. doi: 10.1016/j.ijft.2019.100007.
[89] AG Olabi, K Elsaid, MKH Rabaia, AA Askalany, MA. Abdelkareem, Waste heat-
driven desalination systems: perspective, Energy 209 (2020) 118373. doi:
10.1016/j.energy.2020.118373.
[90] AG Olabi, MA Abdelkareem, T Wilberforce, ET. Sayed, Application of graphene in
energy storage device – a review, Renew. Sustain. Energy Rev. 135 (2021)
110026. doi: 10.1016/j.rser.2020.110026.
[91] J Liu, Y Xue, M Zhang, L. Dai, Graphene-based materials for energy applications,
MRS Bull. 37 (2012) 1265–1272. doi: 10.1557/mrs.2012.179.
[92] P Suvarnaphaet, S. Pechprasarn, Graphene-based materials for biosensors: a
review, Sensors (Switzerland) 17 (2017). doi: 10.3390/s17102161.
[93] PWick, AE Louw-Gaume, M Kucki, HF Krug, K Kostarelos, B Fadeel, et al., Classifi-
cation framework for graphene-based materials, Angew. Chemie - Int. Ed. 53
(2014) 7714–7718. doi: 10.1002/anie.201403335.
[94] E Sadeghinezhad, M Mehrali, R Saidur, M Mehrali, S Tahan Latibari, AR Akhiani,
et al., A comprehensive review on graphene nanofluids: recent research, devel-
opment and applications, Energy Convers. Manag. 111 (2016) 466–487. doi:
10.1016/j.enconman.2016.01.004.
[95] M Mehrali, E Sadeghinezhad, R Azizian, AR Akhiani, S Tahan Latibari, M Mehrali,
et al., Effect of nitrogen-doped graphene nanofluid on the thermal performance
of the grooved copper heat pipe, Energy Convers. Manag. 118 (2016) 459–473.
doi: 10.1016/j.enconman.2016.04.028.
[96] M Goodarzi, AS Kherbeet, M Afrand, E Sadeghinezhad, M Mehrali, P Zahedi,
et al., Investigation of heat transfer performance and friction factor of a counter-
flow double-pipe heat exchanger using nitrogen-doped, graphene-based nano-
fluids, Int. Commun. Heat Mass Transf. 76 (2016) 16–23. doi: 10.1016/j.icheat-
masstransfer.2016.05.018.
[97] MMehrali, E Sadeghinezhad, MA Rosen, AR Akhiani, S Tahan Latibari, MMehrali,
et al., Experimental investigation of thermophysical properties, entropy genera-
tion and convective heat transfer for a nitrogen-doped graphene nanofluid in a
laminar flow regime, Adv. Powder Technol. 27 (2016) 717–727. doi: 10.1016/j.
apt.2016.02.028.
[98] J Prakash Singh, T Nandi, S Kumar Ghosh, Structure-property relationship of sil-
ver decorated functionalized reduced graphene oxide based nanofluids: optical
and thermophysical aspects and applications, Appl. Surf. Sci. 542 (2021) 148410.
doi: 10.1016/j.apsusc.2020.148410.
[99] M Bahiraei, S. Heshmatian, Efficacy of a novel liquid block working with a nano-
fluid containing graphene nanoplatelets decorated with silver nanoparticles
compared with conventional CPU coolers, Appl. Therm. Eng. 127 (2017) 1233–
1245. doi: 10.1016/j.applthermaleng.2017.08.136.
[100] X Wang, Y Wang, X Yang, Y. Cao, Numerical simulation on the LSPR-effective
core-shell copper/graphene nanofluids, Sol. Energy 181 (2019) 439–451. doi:
10.1016/j.solener.2019.02.018.
[101] S Iranmanesh, M Mehrali, E Sadeghinezhad, BC Ang, HC Ong, A. Esmaeilzadeh,
Evaluation of viscosity and thermal conductivity of graphene nanoplatelets
nanofluids through a combined experimental–statistical approach using
respond surface methodology method, Int. Commun. Heat Mass Transf. 79
(2016) 74–80. doi: 10.1016/j.icheatmasstransfer.2016.10.004.[102] L Yang, W Ji, M Mao, Huang J nan, An updated review on the properties,
fabrication and application of hybrid-nanofluids along with their environ-
mental effects, J. Clean. Prod. 257 (2020) 120408. doi: 10.1016/j.jcle-
pro.2020.120408.
[103] N Bing, J Yang, Y Zhang, W Yu, L Wang, H. Xie, 3D graphene nanofluids with high
photothermal conversion and thermal transportation properties, Sustain.
Energy Fuels 4 (2020) 1208–1215. doi: 10.1039/c9se00866g.
[104] C Selvam, DM Lal, S. Harish, Thermal conductivity enhancement of ethylene gly-
col and water with graphene nanoplatelets, Thermochim. Acta 642 (2016) 32–
38. doi: 10.1016/j.tca.2016.09.002.
[105] Z Wang, Z Wu, F Han, L Wadsö, B. Sundén, Experimental comparative evaluation
of a graphene nanofluid coolant in miniature plate heat exchanger, Int. J. Therm.
Sci. 130 (2018) 148–156. doi: 10.1016/j.ijthermalsci.2018.04.021.
[106] HE Patel, T Sundararajan, SK. Das, An experimental investigation into the ther-
mal conductivity enhancement in oxide and metallic nanofluids, J Nanoparticle
Res. 12 (2010) 1015–1031. doi: 10.1007/s11051-009-9658-2.
[107] EM Cárdenas Contreras, GA Oliveira, EP Bandarra Filho, Experimental analysis of
the thermohydraulic performance of graphene and silver nanofluids in automo-
tive cooling systems, Int. J. Heat Mass Transf. 132 (2019) 375–387. doi: 10.1016/
j.ijheatmasstransfer.2018.12.014.
[108] Y Krishna, M Faizal, R Saidur, KC Ng, N. Aslfattahi, State-of-the-art heat transfer
fluids for parabolic trough collector, Int. J. Heat Mass Transf. 152 (2020). doi:
10.1016/j.ijheatmasstransfer.2020.119541.
[109] C Liu, T Zhang, B Lv, Y Qiao, Z. Rao, Preparation and thermo-physical properties
of stable graphene/water nanofluids for thermal management, J. Mol. Liq. 319
(2020) 114165. doi: 10.1016/j.molliq.2020.114165.
[110] S Al-Anssari, M Arif, S Wang, A Barifcani, S. Iglauer, Stabilising nanofluids in
saline environments, J. Colloid Interface Sci. 508 (2017) 222–229. doi: 10.1016/j.
jcis.2017.08.043.
[111] H Yarmand, S Gharehkhani, SFS Shirazi, M Goodarzi, A Amiri, WS Sarsam, et al.,
Study of synthesis, stability and thermo-physical properties of graphene nano-
platelet/platinum hybrid nanofluid, Int. Commun. Heat Mass Transf. 77 (2016)
15–21. doi: 10.1016/j.icheatmasstransfer.2016.07.010.
[112] X Li, Y Chen, S Mo, L Jia, X. Shao, Effect of surface modification on the stability
and thermal conductivity of water-based SiO2-coated graphene nanofluid, Ther-
mochim. Acta 595 (2014) 6–10. doi: 10.1016/j.tca.2014.09.006.
[113] WH Azmi, V. Sharma K, PK Sarma, R Mamat, S Anuar, V Dharma Rao, Experimen-
tal determination of turbulent forced convection heat transfer and friction factor
with SiO2 nanofluid, Exp. Therm. Fluid Sci. 51 (2013) 103–111. doi: 10.1016/j.
expthermflusci.2013.07.006.
[114] J Kang, W Cao, X Xie, D Sarkar, W Liu, K. Banerjee, Graphene and beyond-gra-
phene 2D crystals for next-generation green electronics. Micro- nanotechnol
sensors, Syst. Appl. VI 9083 (2014) 908305. doi: 10.1117/12.2051198.
[115] KE Whitener, PE. Sheehan, Graphene synthesis, Diam. Relat. Mater. 46 (2014)
25–34. doi: 10.1016/j.diamond.2014.04.006.
[116] AT Smith, AM LaChance, S Zeng, B Liu, L. Sun, Synthesis, properties, and applica-
tions of graphene oxide/reduced graphene oxide and their nanocomposites,
Nano Mater. Sci. 1 (2019) 31–47. doi: 10.1016/j.nanoms.2019.02.004.
[117] AS Abdelrazik, KH Tan, N Aslfattahi, A Arifutzzaman, R Saidur, FA. Al-Sulaiman,
Optical, stability and energy performance of water-based MXene nanofluids in
hybrid PV/thermal solar systems, Sol. Energy 204 (2020) 32–47. doi: 10.1016/j.
solener.2020.04.063.
[118] OA Hussein, K Habib, R Saidur, AS Muhsan, S Shahabuddin, OA. Alawi, The influ-
ence of covalent and non-covalent functionalization of GNP based nanofluids on
its thermophysical, rheological and suspension stability properties, RSC Adv. 9
(2019) 38576–38589. doi: 10.1039/c9ra07811h.
[119] J Liu, F Wang, L Zhang, X Fang, Z. Zhang, Thermodynamic properties and thermal
stability of ionic liquid-based nanofluids containing graphene as advanced heat
transfer fluids for medium-to-high-temperature applications, Renew. Energy 63
(2014) 519–523. doi: 10.1016/j.renene.2013.10.002.
[120] MKH Rabaia, MA Abdelkareem, ET Sayed, K Elsaid, K-J Chae, T Wilberforce, et al.,
Environmental impacts of solar energy systems: A review, Sci. Total Environ.
754 (2020) 141989. doi: 10.1016/j.scitotenv.2020.141989.
[121] K Elsaid, ET Sayed, MA Abdelkareem, A Baroutaji, AG. Olabi, Environmental
impact of desalination processes: mitigation and control strategies, Sci. Total
Environ. 740 (2020) 140125. doi: 10.1016/j.scitotenv.2020.140125.
[122] MA Abdelkareem, K Elsaid, T Wilberforce, M Kamil, ET Sayed, AG. Olabi, Environ-
mental aspects of fuel cells: a review, Sci. Total Environ. 752 (2020) 141803.
[123] K Elsaid, M Kamil, ET Sayed, MA Abdelkareem, T Wilberforce, A. Olabi, Environ-
mental impact of desalination technologies: a review, Sci. Total Environ. 748
(2020) 141528. doi: 10.1016/j.scitotenv.2020.141528.
[124] K Elsaid, A Olabi, T Wilberforce, MA Abdelkareem, ET. Sayed, Environmental
impacts of nanofluids: a review, Sci. Total Environ. (2021) In press.
